Abstract-The method for determining the chirp matched parameter has been proposed by studying the variation of the total gain of OPCPA with the pump optical chirped parameters and the corresponding relationship of signal optical and pump optical wavelengths. Taking nonlinear BBO crystal as a typical example, the effects of chirp match and synchronization jitter on gain in optical parametric chirped pulse amplification have been studied. The results show that the gain spectrum width is greatly broadened by chirp matched method to compensate gain narrowing. For the case of the time synchronization, both sides of the signal optical pulse are amplified efficiently and the gain curve is considerably symmetrical for chirp matched case. While for the case of the relatively large synchronization jitter, the signal optical gain and the gain curve are quite different for different pump optical chirped parameters. It is also concluded that for a given chirp matched degree, with the synchronization jitter increasing, the shifting of gain curve is more obvious and gain curve of signal optical pulse is more asymmetric, and the corresponding gain is lower.
INTRODUCTION
In recent years, much interest has been focused on the development of chirped pulse amplification (CPA) acting as a light source for the applications in laser systems such as creating an energetic, ultra-short and ultra-high power pulse. However, in the process of CPA, there are also some shortcomings, including gain narrowing effect, serious thermal effect, decline of pulse signal-to-noise ratio (SNR) after amplification, and easy to produce self-focusing, etc. As a result, the application of CPA technology is subject to certain restrictions [1] , [2] . Fortunately, optical parametric chirped pulse amplification (OPCPA) technology based on CPA exhibits high desired gain, wide gain bandwidth, high signalto-noise ratio, minimizing B integral, low thermal loading effects and other prominent advantages. Consequently, OPCPA is nowadays the most promising technology for producing ultra-short and super-high power laser pulse [3] - [5] .
Recently, in order to obtain a wider gain bandwidth, chirp matched OPCPA method has been proposed by controlling the chirped parameter of pump pulse and signal pulse, which arranges the wave vectors of the interacting fields into pairs to meet the phase-matching relations at all times [6] - [8] . However, to our knowledge, there is a lack of literatures about the effects of chirp matched degree on conversion efficiency, gain spectrum, and pulse profile of OPCPA. In addition, in the process of OPCPA, only when the pump and signal pulse are incident upon the nonlinear crystal simultaneously and meet the phase-matching conditions, the signal pulse can be amplified effectively. However, in the process of OPA, there is always time-synchronization jitter between the signal pulse and pump pulse. Thus, a wider pump pulse is generally adopted to interact with a narrower signal pulse to overcome the effects of time-synchronization jitter on the pulse profile, gain, and SNR, etc. Previously, for the case of non-chirped pump pulse, the effects of time-synchronization jitter on the pulse profile and the gain have already been studied [9] . The main aim of this paper is to study the effects of synchronization jitter and chirp matched degree on the gain of OPCPA for the collinear case.
II. THEORY
In the plane-wave and the slowly varying envelope approximations, the optical parametric amplification process can be described by the coupled wave equations [10] 
In (1)- (3), E j , ω j , n j , α j , β j (j denotes p, s, i) represents the signal, idler and pump optical laser fields, frequency, refractive index, loss factor, Poynting vector walkoff angle for uniaxial crystals，respectively; c is the speed of light in vacuum; z denotes the optical propagation direction; d eff represents the effective nonlinearity of the amplifying medium; Δk is the phase velocity mismatch factor, i.e., cos cos .
where α, β denote the angles between the signal and pump pulse, idle and pump pulse, respectively.
Assuming the signal pulse and pump pulse are the linear chirped pulse, the corresponding electric fields are expressed as:
where T 0 , T 0p denote the 1/e half-width for the signal and pump pulses, respectively; n and m are the super-Gaussian waveform factor; ΔT is the synchronization jitter between the pump pulse and signal pulse; the linear chirped parameters for the signal and pump pulses are C s , C p , respectively.
The total gain of signal optical pulse is given by tol 0
where U s0 , U s represent the signal optical energy before and after OPCPA, respectively.
In the process of OPCPA, with pulse width usually the order of several hundreds ps to ns, signal optical and pump optical group velocity can be considered to be equal and the crystal optical absorption is very small. Consequently, effects of the absorption loss and group velocity mismatch can be neglected. In this paper, the split-step Fourier Transform and fourth-order Runge-Kutta methods are used to numerically simulate the above-mentioned coupled wave equations.
III. NUMERICAL SIMULATION AND THEORETICAL ANALYSIS
In the following calculation, a collinear type Ⅰ phasematching BBO is taken as the nonlinear crystal with a pump at 532 nm and a signal at 800 nm. The super-Gaussian waveform factors of the signal and pump pulses are n = 1 and m = 10, respectively. The pulse width parameters T 0 and T 0p are 0.72 ns and 1.5 ns, respectively. The maximum intensity of the initial signal and pump pulses are 3.5×10 5 W/cm 2 , 1.0×10 9 W/cm 2 , respectively. The linear chirped parameter for the signal pulse C s is 1.56×10 4 . Under these conditions, a 1.06-cm-thick BBO crystal is adopted to achieve the optical parametric saturated amplification for the collinear case. The crystal length is 0.6 cm for small signal amplification. Fig.1 shows the variation of the pump optical central wavelength with the signal optical central wavelength. As shown in Fig.1 , there is an optimum pump wavelength corresponding to a signal wavelength. Consequently, the pump wavelength can be determined according to the signal wavelength to ensure the signal and pump pulses satisfy phasematching requirement every time, resulting in the effective amplification of signal pulse. Fig. 2 that with the increase of the pump optical chirped parameters, the total gain increases first and then decreases. The main reason is that the better the chirp match, the smaller the phase mismatch, the higher the total gain. From analysis of Fig.1 and Fig.2 , we can conclude that the total gain is the largest gain with pump chirp matched parameter C pm =3.0×10 4 for the chirp matched case. Fig. 3 implies that the better the chirp match, the smaller the phase mismatch between signal pulse and pump pulse. Accordingly, gain spectrum bandwidth is broadened to make both sides of the signal pulse be amplified effectively, resulting in compensating gain narrowing. In the process of OPCPA, when the crystal length is longer than the best crystals length corresponding to the maximum intensity of signal pulse, the "reverse process'' of OPCPA occurs after intensity reaches its maximum. Just then, the energy is from the signal pulse "back" to pump pulse. As a consequent, the middle depression of the signal optical gain appears, while both sides of signal pulse with relatively weak intensity are still amplified effectively. . Fig. 4 indicates that the time window of chirp matched signal optical gain is wider than that of chirp mismatched signal optical gain and the middle depression of gain also appears. This is because both sides of the signal pulse meet the phase-matching conditions for the case of chirp match. Thus, gain bandwidth is broadened to ensure gain time window wider. The signal and pump pulses satisfy phasematching requirement every time, resulting in the effective amplification of signal pulse, which is helpful to compensate gain narrowing. In the process of OPCPA, the pulse central signal optical intensity will generate the "reverse process'' of OPCPA after intensity reaches its maximum. At the time, the energy will be from the signal pulse "back" to pump pulse. Therefore, the middle depression of the signal optical gain will be extremely apparent. From Fig.4 , we can see clearly that for the case of chirp mismatch, when synchronization jitter reaches a certain value, the asymmetric phenomenon of the leading and trailing edge of gain appears significantly. While for the case of chirp match, with synchronization jitter increasing, the drifting of gain curve is more and more serious and asymmetric phenomenon is more apparent, and gain becomes smaller and smaller. The main reason is that if the pump pulse and signal pulse can not enter the nonlinear crystal simultaneously, the signal pulse will not be amplified uniformly, and the leading edge and trailing edge of signal pulse will also be amplified unevenly, resulting in apparent asymmetric phenomenon. For the case of chirp match, with synchronization jitter increasing, the signal optical amplification will be seriously inconsistent with the pump pulse. The signal pulse within the range of the pump optical amplification can still be amplified, whereas the signal pulse without the range of the pump optical amplification is unable to be amplified effectively, resulting in the serious asymmetry and smaller gain. Fig.5 shows the effects of chirp match on the signal optical gain after OPCPA for the case of saturated amplification, (a) synchronization (ΔT=0); (b) non-synchronization (ΔT=T 0 ). It can be seen from Fig.5 that for the case of the time synchronization, the chirp match is better and better, the signal amplification exhibits better and better effect on compensating gain narrowing, but the middle of signal optical gain spectrum is sinking. For the case of the comparatively large synchronization jitter, with the chirp match increasing, drifting and distortion will be more serious, and the gain is lower. The main reason is that for the case of the time synchronization jitter, with chirp match increasing, both sides of the signal and pump pulses can interact more effectively to meet the phasematching conditions so that both sides of the signal pulse can achieve an effective amplification and the gain narrowing can also be compensated. The middle signal optical gain generates the "reverse process" of OPCPA, resulting in depression. For the case of the comparatively large synchronization jitter, the better the chirp match, the better the effective amplification of both sides of the signal pulse. However, the amplified range of pump pulse will move obviously, resulting in the signal optical amplification uneven. As a result, a serious distortion phenomenon and lower gain occur. Figure 5 . Effects of chirp match on the signal optical gain after optical parametric chirped pulse amplification for saturated amplification case Fig.6 gives the variation of the total gain with the synchronization jitter for different pump optical chirped parameters for the case of saturated amplification. As shown in Fig. 6 , for a given chirped parameter, with the synchronization jitter increasing, the total gain becomes smaller and smaller. The chief reason is that for the case of a given chirped parameters, with the synchronization jitter increasing, the signal pulse out of the range of the pump optical amplification can not be amplified effectively, and the total gain decreases. While for the case of time synchronization, the signal pulse is within the range of the pump optical amplification, resulting the sufficient amplification. For the case of a given synchronization jitter, the total gain is apparently different for different chirp matched degree, as can be seen from Fig. 6 . The main reason is that for the case of a given synchronization jitter, with different chirp matched degree, the degree of phase mismatch is different, so that the amplification is also different. Figure 6 . For the case of saturated amplification, variation of the total gain with the synchronization jitter for different pump optical chirped parameters Figure 7 . For the case of saturated amplification, variation of the total gain with pump optical chirped parameters for different synchronization jitter Fig.7 gives the variation of the total gain with pump optical chirped parameters for different the synchronization jitter for the case of saturated amplification. It can be shown in Fig. 7 that for a given synchronization jitter, with the pump optical chirped parameters increasing, the peak total gain occurs. The main reason is that for the case of a given synchronization jitter, the degree of phase-matching between the signal pulse and pump pulse changes apparently, and the signal pulse and pump pulse can not meet the original phase-matching relations every time, so that each peak total gain corresponds to a different pump optical chirp parameter. Fig.7 also shows that for the case of a given pump optical chirped parameter, the larger the synchronization jitter, the smaller the total gain. The main reason is that for a given pump optical chirped parameter, with synchronization jitter increasing, part of the signal pulse is out of the range of the pump optical amplification, and can not be amplified effectively.
IV. CONCLUSION
In summary, we demonstrate and study effects of degree of chirp match and synchronization jitter on gain curve and total gain in OPCPA. The results show that the gain narrowing can be compensated effectively in the process of the OPCPA by the method for chirp match of signal and pump optical pulses. Chirp match and synchronization jitter between the signal pulse and pump pulse have a significant influence on gain and total gain. For a given chirp matched degree, with the increase synchronization jitter, noticeable drifting and asymmetric phenomenon of the gain curve appear, and the total gain is also lower. For the case of the time synchronization, both sides of the signal pulse with weak intensity are amplified very well and the gain curve is considerably symmetrical when the parametric amplification is well chirp matched. While for the case of the relatively large synchronization jitter, signal optical gain and gain curve after amplification are quite different for different pump optical chirp parameters, and each peak total gain is corresponded to a different pump optical chirp parameter. Thus, for the case of the time synchronization, due to narrow gain bandwidth for BBO collinear case, high signal optical gain can be obtained by chirp matched method in OPCPA. While parametric fluorescence is out of gain bandwidth so that it can not be amplified effectively to achieve the purpose of enhancing signal-to-noise ratio, which can provide a new method for improving the signal-to-noise ratio for OPCPA. In addition, for the case of the chirp match, the increasing pump optical pulse width can overcome the effects of synchronization jitter on OPCPA, so that the signal pulse can be effectively amplified at all times. Consequently, the signal pulse can be amplified effectively by controlling chirp match and synchronization jitter, and the noise can also be restrained, which can provide a valuable reference for designing of high energy and peak power laser systems.
